





















TransportSim ulation and DiractiveEventReconstruction attheLHC




Faculty ofPhysics,M athem aticsand Applied Com puterScience,
Cracow University ofTechnology,
ul.W arszawska 24,31-115 Krakow,Poland.
The m easurem ent ofdiractively scattered protons in the ATLAS Forward Physics
detector system placed 220 m away from the ATLAS interaction point is studied. A
param eterisation ofthe scattered proton transport through the LHC m agnet lattice is
presented.The proton energy unfolding and itsim pacton the centrally produced scalar
particlem assresolution arediscussed.
1. Introduction
Diractivedissociation isoneoftheprocessesthatcan bestudied attheLHC.Dirac-
tivephysicsisstronginteraction physicsinvolvingnoexchangeofquantum num bersother
thanthoseofthevacuum .In experim entthisleadstoan obvioustriggeringschem erelying
on therapidity gap m ethod.However,onehastokeep in m ind thatthegap hasacertain
survivalprobability thatdependson the interaction type and thecentre ofm assenergy.
In addition,also the diractively scattered protonscan be tagged. Usually,the protons
scatteratsm allanglesand in the colliderenvironm ent they stay in the beam pipe and
travelthrough them agnetlatticeofthem achine.A possibleway to m easureparam eters
ofthediractively scattered proton trajectory isto usedetectorsplaced insidethebeam
pipe,forexam ple by m eansofa rom an potstation ora m ovable beam pipe technique.
The ATLAS Collaboration plans to have proton tagging stations placed sym m etrically
with respectto theInteraction Point(IP)atthedistancesof220 m and 420 m (AFP220
and AFP420)and 240 m (ALFA).TheALFA (AbsoluteLum inosity ForAtlas)[1]sta-
tionsat240 m willbe devoted to the absolute lum inosity m easurem ent ofthe LHC at
the ATLAS IP.Thism easurem ent willrely on the detection ofthe elastically scattered
protons.TheAFP (Atlas Forward Physics)[2]stationswillbeused fordiractiveand
 physics.
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2. Experim entalEnvironm ent
Below,only the aspectsconcerning the AFP220 detectorsare discussed. In the m ea-
surem ent,the m achine m agnetsplay the role ofm agnetic spectrom eter. Therefore,two
detectorstationsare to be placed around 220 m ,nam ely one at216 and one at224 m .
Each station willbe equipped with position sensitive and triggering detectors,horizon-
tally inserted into the LHC beam pipe. The position sensitive detectors willconsist of
10 layersofthesilicon 3D detectors[3]to m easure thescattered proton trajectory.The
position m easurem entresolutionsareassum ed to bex = 10 m and  y = 40 m in the
horizontaland verticaldirection,respectively. This willallow the m easurem ent ofthe
particletrajectory position and direction.Additionally,thestationswillcontain very fast
tim ingdetectorswith picosecond resolution.They willm easurethescattered proton tim e
ofight and indicate the interaction vertex longitudinalcoordinate,z,with resolution
ofthe orderofseveralm illim eters. In the following calculations,a reference fram e with
the x{axispointing towardsthe acceleratorcentre,the y{axispointing upwardsand the
z{axisalong oneofthebeam swasused.
The scattered proton can be described at the interaction point in severalequivalent



















whereE and m aretheproton energy and m ass,p = (px;py;pz)istheproton m om entum
and pT = (px;py) denotes the proton transverse m om entum . Usefulvariables are the
proton energy lossE = E 0   E (E 0 isthe incidentbeam energy),the reduced proton
energy loss, = E =E 0,and the four-m om entum transfer between the incident and
scattered proton,t.
There are severalprogram son the m arketcalculating proton trajectoriesthrough the
m agnets. In the following the FPTrack program [4]wasused. Thisprogram com putes
the positionsofparticles using the LHC opticsles which describe the m agnetic elds,
positions and apertures ofthe LHC lattice. These les were produced with help ofa
principalbeam transportprogram M ad-X [5]by theLHC opticsgroup [6].
Table1
TheLHC beam and thecrossing region param etersattheATLAS IP.
Param eter B eam C rossing region
x0 16:6 m 11:7 m
y0 16:6 m 11:7 m







E 0 0:77 GeV  
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The interaction vertex isdescribed by itscoordinates(x0,y0,z0). These coordinates
have Gaussian distributions with zero average values and dispersions: x0,y0,z0,re-
spectively. In the sim ulation, the beam particle energy and its m om entum direction
weregenerated according to Gaussian distributionswith appropriatem eansand thedis-
persions: E 0 forthe energy and x00;y
0
0
forthe m om entum in (x;z)and (y;z)planes,
correspondingly. Values ofthese param eters for the nom inal7 TeV beam energy and
standard LHC optics are listed in Table 1. The calculations were perform ed for both
beam s: beam 1 that perform s the clockwise m otion and beam 2 which does the counter
clockwiserotation.






















Figure1.TheLHC beam prolesat216m etersfrom ATLAS IP forbeam 1(a)and beam 2
(b),forthe7 TeV LHC optics.
Figure 1 shows the LHC beam proles in the (x,y) plane at 216 m away from the
ATLAS IP obtained with the FTPtrack program for both beam s and the 7 TeV LHC
optics. Ascan be observed,the beam sare m uch widerin the verticaldirection than in
thehorizontalone.
Table2sum m arizesthebeam sspreadsfollowingfrom atwodim ensionalGaussian tto
thebeam prolesshown in Fig.1.The(10{15)beam envelopegivesanaturallim itfor
thedistancebetween thedetectorfram eand thebeam centre.In thehorizontaldirection
thiscorrespondsto about1 { 2 m illim eters.Obviously,thisdistance playsa crucialrole
forthediractively scattered proton detection and hence,fortheexperim entalapparatus
acceptance.
Itisim portantto seein which rangeoftheenergy,E ,and thetransverse m om entum ,
pT = jpT j,thedetectorcan m easure protons.The geom etricacceptance forxed E and
pT valueswasdened asthe ratio ofthe num berofprotonsthatcrossed thedetectorto
thetotalnum berofscattered protonswith agiven E and pT.Only theeectsofthebeam
pipeapertureand thedistancebetween thedetectorand thebeam centreweretaken into
account.
Figure2 depictsthegeom etricacceptanceasa function ofE and pT forbeam 1 forthe
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Table2
TheLHC beam spreadsfrom a Gaussian tto thebeam prolesat216 m .
Param eter B eam 1 B eam 2
x216 88 m 121 m
y216 569 m 421 m


































Figure 2. The geom etricalacceptance ofthe detectorplaced in the LHC beam 1 at216
m away from the IP as a function ofthe proton energy loss (E ) and its transverse
m om entum pT for a 3 m m distance between the beam centre and the detector active
edge.
standard 7 TeV LHC optics.Theacceptanceisabove80% in theregion lim ited by:
200< E < 1000 [GeV];0< p T < 2:5 [GeV=c]
which correspondsto
0:03< < 0:14; 6:5< t< 0 [GeV 2=c2]:
W hen thegeom etricalacceptancerequirem entislowered to60% ,thisresultsin awider
range ofthe accepted proton energiesand transverse m om enta. The range enlargem ent
isseen (c.f.Fig.2)for200< E < 600 GeV and p T < 3 GeV/c.Thisgivesthelim its:
0:03< < 0:14; 10< t< 0 [GeV 2=c2]:
The presence oftwo detectorstationson each side ofthe ATLAS detectorallowsthe
m easurem entoftheproton trajectory elevation angles,x 0 and y0,in the (x,z)and (y,z)
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planes,respectively.From theFPTrack calculations,itfollowsthattheposition and slope
ofthetrajectory atthedetectorin onetransversedirection isindependentofthosein the
otherdirection,i.e. x and x0 valuesdo notdepend on y0 and y
0
0
and vice versa. Thisis
a reection ofa negligible role ofthe sextupole and higherorderm agnetic elds in the











































Figure3.Thex-direction chrom aticity plotsfortheLHC beam 1(a)and beam 2(b)forthe
standard 7TeV LHC optics.Thelinesofconstantenergy correspond to7000,6825,6650,
6475,6300 GeV from leftto right,respectively.Theangleswere changesfrom -400 rad
to 400 rad (from top to bottom ).
To illustratehow theproton trajectory positionsand slopesm easured by thedetectors
depend on the proton energy and itstrajectory slopesatthe IP the chrom aticity plots
were prepared.The plotsshown in Figure3 were devised by plotting in the (x,x0)plane
thelinescorresponding to theconstantE and x0
0
attheIP.
Thechrom aticity plotsindicatefew things.Firstly,thereisa non-negligibledierence
between both beam s.Therefore,propertiesofboth havetobestudied.Secondly,thegrids
created by the energy and angle iso-linesdo notfold.Hence,itispossible to obtain the
energy and the transverse m om entum ofa proton from the m easurem entsofthe proton
trajectory in both stations.In particular,assum ing axed interaction vertex position (no
sm earing)the energy ofa proton atthe IP can be deducted solely from the m easured x
and x0values.
3. Transport Param eterisation
Inordertounfoldtheprotonenergyfrom thedetectorm easurem entsaparam eterisation
oftheFPTracktransportcalculationswasprepared.Theaim wastodescribetheFPTrack
resultsanalytically.Itwasrequested that:
 theparam eterisation hasa sim plefunctionalform ,
 the param eterisation precision has an accuracy which is better than the assum ed
detectorspatialresolutions.
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x0;y0;z0) space were generated. Subsequently,these events were used in the FPTrack
transportcalculations.Thetransportresultsweretheinputdatatotheparam eterisation
search procedure.Itwasfound thatthefollowingparam eterisation fullltherequirem ents
outlined abovewell:
= A  + 
0
0
B  + 0C + 
0
0
z0D  + z0F; (1)

0= A s + 
0
0
B s + 0Cs + 
0
0
z0D s + z0Fs; (2)
where = fx;yg,s denotesthe slope eitherin x ory direction and allthe capitalised
sym bolsarepolynom ialsofenergy,i.e.:




 E + a
(2)
 E
2 + a(3) E







s E + c
(2)
s E
2 + c(3)s E
3
: (4)
The values ofallthe coecients were found by tting the form ulae to the FTPtrack
calculationsforsim ulated events.
The accuracy of the m ethod was estim ated by plotting the dierence between the
value given by the param eterisation and that given by the FPTrack calculation. The
accuracy ofthe position param eterisation was found to be ofthe order ofa m icrom e-
terwhich is10 tim eslessthan the assum ed detectorresolution in the horizontalplane.
Thedierencebetween FPTrack and theparam eterisationsforthetrajectory angleswas
found to be lim ited to about 50 nanoradians. One has to rem em ber that the average
m ultiple Coulom b scattering angle wasestim ated to be about500 nrad. An exam ple of
the param eterisation accuracy ispresented in Fig. 4. In thisgure the distributionsof
y = y param   yF P Track and y
0= y0param   y
0
F P Track areshown forsinglediractiveevents
generated with PYTHIA [8].Theaccuracy estim ationsforthesequantitiesaredisplayed
sincethey representtheworstprecision cases.Nevertheless,theresultsarewellconned
within the rangesgiven by the detectorresolutions. Thisconrm sthe param eterisation
quality.
One should note that the procedure outlined above can be easily repeated. In par-
ticular,itcan be applied to the lesdescribing the actualLHC collision opticsused for
experim entalruns.
4. Event R econstruction
Sincethereisacorrelation between theproton m om entum and them easured position of
theproton attheAFP220,thereconstruction oftheproton propertiesattheinteraction
vertex from them easured coordinatesoftheproton trajectory attheAFP220 ispossible.
A proton at the interaction vertex is described by six independent variables: E ,x0
0
,
y00,x0,y0 and z0. The detectorsdelivertwo pairsoftransverse coordinatesseparated in
longitudinaldirection by a xed distance ofabout 8 m eters. In general,the unfolding
problem is an ill-stated one. In the present case it requests the inversion ofthe 6 to
4 m apping and its solution is only possible with help ofadditionalassum ptions. The
TransportSim ulation and DiractiveEventReconstruction attheLHC 7




























Figure 4. The param eterisation accuracy estim ation exam ples(see text). Picturesshow
theuncertainty on they (a)and y0(b)param eterisationsofthebeam 1 transport.
sim plestoneistheassum ption ofaxed position oftheinteraction vertex.In thefollowing
thepositionsx0 = y0 = 0 and z0 = 0 orz0 = 216  c werechosen,where istheproton
tim eofight.
To m ake the m easurem ent sim ulation as close to reality as possible the detector ef-
fectswere taken into account. Protonstraversing the detectorstation undergo m ultiple
Coulom b scatteringin thefram eand thedetectorm aterials.Thesim ulation oftheproton
trajectoryposition m easurem entalsotakesintoaccounttheassum ed detectorresolutions.
Theseeectsm ayleadtoaconsiderablechangeoftheprotontrajectoryparam eters(slopes
and positions). Hadron interactionsin the detectororitsfram e were neglected asthey
arenotim portantforthepresentstudy.
A sim ple and fastm ethod ofthe proton energy unfolding from the detectorm easure-
m entisproposed. Thism ethod usesthe assum ption thatthe valuesactually m easured
are equalto those delivered by the param eterisation. This allows to calculate x0
0
from
eqs.(1)and (2). Since both equationsare considered forthe sam e particle,they should
giveequalvalues.Hence,aftersim plealgebra onegets:
(x  A x   Fxz0   x0Cx) (Bsx + z0D sx)=
= (x0  A sx   Fsxz0   x0Csx) (Bx + z0D x) (5)
whereallcapitalised sym bolsaredescribed by eqs.3 and 4.
Thesolution oftheaboveequation isequivalenttondingthezeroofthefunction f(E )
given below:
f(E )= (x   A x   Fxz0   x0Cx) (Bsx + z0D sx) 
(x0  A sx   Fsxz0   x0Csx) (Bx + z0D x): (6)
It was observed that for obtained param eterisation and sim ulated events the function
f(E )hasonly onezero.Therefore,theequation
f(E )= 0
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can beeasily solved num erically using forexam plethebisection m ethod [7].
The energy unfolding procedure was tested using the sam e PYTHIA generated data
sam ple. The proton energy was reconstructed with the help ofthe dierent additional
assum ptionslisted below:
 the\m easured" trajectory coordinatesweresm eared according to thedetectorres-
olution,
 theinteraction vertex transverse position wasexactly known,
 theinteraction vertex longitudinalposition wasexactly known.
Theresultsarepresented in Figure5.Theenergy reconstruction resolution (thethick
solid line)decreasesfrom 9GeV for6000GeV protonstoabout3 GeV for7000GeV pro-
tons.Itisdom inated by thedetectorspatialresolution which inuence,m arked with the
thick dashed line,decreaseswith proton energy from about7GeV toabout1GeV within
considered energy range. Also,the im pact ofthe m ultiple Coulom b scattering (dotted
line)getssm allerwith increasingproton energy.Itscontribution totheresolution isabout
2.5 GeV atthe m axim um . Forproton energies greaterthan 6800 GeV the uncertainty
on the interaction vertex position in the transverse plane (the thick dash-dotted line)
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Figure 5. The proton energy reconstruction resolution for beam 1 as a function ofits
energy. The overallresolution ism arked with the thick solid line,the inuence of: the
detectorspatialresolution { the thick dashed line,the vertex position in the transverse
plane{ thethick dash-dotted line,them ultipleCoulom b scattering { thedotted line,the
vertex position along thebeam axis{ thedash-dotted line,them agneticeld variation {
thesolid line.
TransportSim ulation and DiractiveEventReconstruction attheLHC 9
dom inatesthe energy reconstruction resolution. The inuence ofthe interaction vertex
position along the longitudinalaxis (the dash-dotted line)is sm allin the whole energy
rangediscussed.
Since the scattered protons can traverse the whole beam pipe volum e the inuence
ofthe possible im perfectionsofthe m agnetic eldswasstudied. The m agnetic eldsof
the lattice were varied by 1h oftheirnom inalvalues. Itshould be pointed outthat
assum ed variation isabouta factorof10 largerthatthem achineaccepted and about50
tim eslargerthan them easured values[9]ofthehigherm ultipolesatthereferenceradius
of17 m m away from thebeam pipecentre.Variation ofthem agneticeld valuesgivesa
sm allcontribution to theenergy reconstruction resolution and for6000 GeV protonsitis
about0.3 GeV and increasesto 0.7 GeV at7000 GeV.Thiscontribution ism arked with
thesolid linein Fig.5.Theothereectofthevariation ofm agneticeldsistheosetof
the scattered proton reconstructed energy. Thisoset,on the absolute value,decreases
linearly from about1.3 GeV to approxim ately 0.1 GeV forproton energiesbetween 6000
and 7000 GeV.
Anotherim portantexperim entalfactoristhe detectoralignm ent. Itisrequired that
the detector stations willbe able to m easure the scattered proton trajectory elevation
angleswith precision ofabout1 rad.Thisim pliesa 10 m precisealignm ent.Itturned
out that the 10 m m isalignm ent ofthe stations results an oset ofthe reconstructed
proton energy.Thisosethasthelargestvalueofabout5 GeV forprotonsof6000 GeV
energy and decreasesto zero with proton energy increasing to 7000 GeV.
5. C entralExclusive Production (C EP)
The AFP detectorscan be used to m easure the exclusive centralproduction ofscalar
JP C = 0+ + particles(forexam ple the Higgsboson orsom e supersym m etricalparticles).
The centralproduction can be viewed as a two stage process. In a rst step each of
the incident protons em its a color singlet object. Subsequently,these objects interact
with each othergiving acentrally produced system .Theincom ing protonsrem ain intact,
traversethem agneticlatticeofthem achineinsidethebeam pipeand can bedetected in
theAFP detectors.Thecentrally produced system decaysintotheATLAS m ain detector.
Hence,thisgivesa unique possibility to m easure allthe particlesbelonging to the nal
state(a com pletely exclusive eventm easurem ent).
Such eventsweresim ulated in a sim plied way.In thegeneration thefourm om entum
transfer,t,and thereduced proton energy loss,,weredistributed according to e  bt with
b= 6GeV   2 and   1,respectively.Later,theproton transportto theAFP220 detectors
wassim ulated using theFPTrack calculations.
In Figure 6 the geom etricalacceptance fordierentm asses ofthe centrally produced
system forvariousdistancesbetween thedetectoredgeand thebeam centreisshown.As
expected,thegeom etricalacceptancestrongly dependson thisdistanceand forarealistic
distanceof3 m m (m arked with thedashed linein Figure6)itvariesbetween 0 and 30%
form asseschanging from 300 to 800 GeV.
Next,them assofthecentrally produced system wasestim ated usingthedetectorm ea-
surem entsand the proton energy reconstruction described in section 4. Forthe Central
ExclusiveProduction processtheproduced system m assdeterm ination from thereduced
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Figure 6. The geom etricalacceptance ofdetectors at 216 m away from the ATLAS
Interaction PointforCentralExclusive Production processasa function oftheproduced
particle m ass. The solid linesdepictsthe acceptance foractive detectorregion atthe 2
m m distance from thebeam centre.The dashed,dotted and dash-dotted linesm ark the
acceptance curvesforthe3,4 and 5 m m distance,respectively.
energy lossesofboth protons,1 and 2,ispossiblevia [10]:
M x =
p
s 1  2;
wheres isthecentreofm assenergy squared.
Them assreconstruction resolution asa function ofthecentrally produced system be-
tween 300 and 800 GeV isshown in Figure7 forthe3 m m distancebetween thedetector
and the beam centre. The im pact ofseveralexperim entalfactors is also depicted in
thisgure. The m assreconstruction resolution,afteran initialjum p atthe acceptance
edge,very slowly increases from 5 to 8 GeV with increasing value ofthe produced sys-
tem m ass. The inuence ofthe m ultiple scattering,the beam energy variation and the
proton direction angularspread issm alland below 2 GeV.In fact,the resolution value
isdom inated by two factors. Firstone isthe detectorspatialresolution which givesthe
contribution ranging between 2 and 6 GeV and which dom inates form asses above 500
GeV.The second one isthe uncertainty on the x0 coordinate ofthe interaction vertex,
whose inuence practically doesnotdepend on the produced system m assand which is
them ostim portantfactorform assesbelow 500 GeV.Theeld im perfections,estim ated
asdescribed previously,haveasm allinuenceon thereconstructed m assresolution which
isabout0.7 GeV at300 GeV and saturatesatthevalue ofapproxim ately 1 GeV at500
GeV.Also,in thiscase theeld variation resulted them assosetwhich isabout1 GeV
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Figure 7. The centrally produced particle m ass resolution determ ined with outgoing
protonsasa function oftheparticle m ass.The overallm assreconstruction resolution is
m arked with the thick solid line,the inuence of: the detector spatialresolution { the
thick dashed line,thevertex position in thetransverseplane{ thethick dash-dotted line,
them ultipleCoulom b scattering { thedotted line,them agneticeld variation {thesolid
line,thebeam energy and theproton direction angularspreads{ thedashed line.
in the considered m ass range. The im pacts ofthe interaction vertex position and that
ofthe detector m isalignm ent,not shown in Figure 7,are sm alland below 0.5h ofthe
produced m assvalue.Thedetectorm isalignm entintroducesthereconstructed m assshift
which alm ostlinearly increaseswith theproduced m assvaluefrom about2.5 GeV at300
GeV to 6.5 GeV at800 GeV.
6. Sum m ary and C onclusions
A param eterisation oftheproton transportthrough them agnetlatticeoftheLHC was
devised. This param eterisation has a sim ple functionalform and enables fastand easy
calculations.
A proton energyunfoldingprocedurefrom theproton trajectoryposition m easurem ents
wasprepared. Thisprocedure allowsthe reconstruction ofthe scattered proton energy.
Theprocedurewasused to reconstructthem issing m assofthecentrally produced scalar
system . The m issing m ass reconstruction resolution weakly depends on the produced
m assand reachesabout8 GeV atthem assvalueof800 GeV.
Theproton energy unfolding procedurecan beused fortherstleveltriggering ofthe
apparatusattheLHC environm ent.
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